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Measurement of radical concentrations is important in understanding the chemical kinetics involved in
combustion. Application of optical techniques allows for the nonintrusive determination of specific
radical concentrations. One of the most challenging problems for investigators is to obtain flame data
that are independent of the collisional environment. We seek to obviate this difficulty by the use of
picosecond pump–probe absorption spectroscopy. A picosecond pump–probe absorption model is devel-
oped by rate-equation analysis. Implications are discussed for a laser-pulse width that is much smaller
than the excited-state lifetime of the absorbing atom or molecule. The possibility of quantitative,
quenching-independent concentrationmeasurements is discussed, and detection limits for atomic sodium
and the hydroxyl radical are estimated. For a three-level absorber–emitter, the model leads to a novel
pump–probe strategy, called dual-beam asynchronous optical sampling, that can be used to obtain both
the electronic quenching-rate coefficient and the doublet mixing-rate coefficient during a single
measurement. We discuss the successful demonstration of the technique in a companion paper 3Appl.
Opt. 34, XXX 1199524.
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1. Introduction

Optical methods of measuring species concentrations
have provided new insights into the combustion pro-
cess.1 The most widely used of these techniques is
laser-induced fluorescence,2 because its favorable sig-
nal-to-noise ratio permits detection of minor species
such as the hydroxyl radical. However, fluctuations
in the collisional environment can cause uncertainty
in the laser-induced fluorescence signal.3 To over-
come this difficulty, we have previously examined the
possibility of using synchronously mode-locked dye
lasers with picosecond pulses in the pump–probe
configuration. These techniques will potentially al-
low us to measure minor species concentrations that
are independent of the collisional environment. In
particular the asynchronous optical sampling 1ASOPS2
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technique has been applied to atomic sodium in
laminar flames at atmospheric pressure.3
We present a model that permits quantitative

concentration measurements by the use of picosecond
pump–probe absorption spectroscopy. The model is
based on the standard rate equations for a small laser
irradiance. This approach is often questioned when
the laser-pulse width is much smaller than the in-
verse of the electronic quenching-rate coefficient.4
Nevertheless we have successfully applied the rate
equations under these conditions. Using the detec-
tion limit for atomic lithium reported by Jones and
coworkers,5 we predict detection limits for atomic
sodium and the hydroxyl radical The model is ex-
tended to measurements of excited-state lifetimes,
resulting in a novel procedure for obtaining electronic
quenching-rate coefficients for a multilevel absorber–
emitter. Quantitative experimental results for atomic
sodium are presented in a companion paper, which
also summarizes the significant features of theASOPS
method.6

2. Overview

The rate-equation model is introduced in Section 3.
Solutions to the rate equations are also considered in
Section 3, and specific expressions for a synchro-
nously mode-locked dye laser are included in Section



4. The maximum operating power so as to avoid
optical saturation and the concentration that corre-
sponds to the limit of optical thickness are calculated
in Sections 5 and 6, respectively. The model is
extended to include absorption in the pump–probe
configuration in Section 7. Close agreement with
experimental values obtained in previous investiga-
tions is found. The delay between a pump pulse and
a probe pulse is considered in Section 8, so that the
measurement of excited-state lifetimes can be mod-
eled. In Section 9 themodel is used to describe a new
measurement technique, which we call dual-beam
ASOPS. Finally, the absence of coherent transient
effects is considered in Section 10.

3. Rate-Equation Method

Consider the two-level absorber–emitter shown in
Fig. 11a2. The pump laser is tuned to resonance with
the 1–2 transition, and the probe laser is tuned to
resonance with either the 1–2 or the 2–3 transition.
An additional intermediate energy level is often neces-
sary; for example, our previous measurements re-
quire that we use two intermediate states to model
the 3P1@2,3@2 doublet of atomic sodium adequately.3
To demonstrate the difficulties that can arise in this
situation, we also consider the three-level absorber–
emitter shown in Fig. 11b2. For the three-level absorb-
er–emitter the pump laser can be tuned to either the
1–2 or the 1–3 transition, and the probe laser can be
tuned to the 1–2, 1–3, 2–4, or 3–4 transition. The
number density of the ith level in Fig. 1 is denoted by
Ni 3in inverse cubic centimeters 1cm2324, and the total
number density, NT 1cm232 is the sum of the number
densities over all the levels of a particular model.
We now define a number of processes associated

with the models shown in Fig. 1. The laser interacts
with the absorber–emitter throughWij andWji, which

Fig. 1. Pump–probe diagrams corresponding to 1a2 a two-level
absorber–emitter and 1b2 a three-level absorber–emitter. In both
cases one level is added to account for the probe, resulting in a total
of 1a2 three and 1b2 four levels.
represent the rate coefficients for stimulated absorp-
tion and stimulated emission 3in inverse seconds 1s2124
between levels i and j, respectively. The Einstein
rate coefficient is Aji 1s212 for spontaneous emission
and Bij 3in cubic centimeters times frequency per
Joule times seconds (cm3 s21@Js2] for stimulated ab-
sorption. Population transfer is also permitted to
take place as a result of collisions. Thus Qji repre-
sents the collisional deexcitation rate coefficient, of-
ten called the quenching-rate coefficient 1s212.
Because the transitions in question occur in the
visible or the UV regions of the spectrum, collisional
excitation is negligible relative to quenching.7 For
the same reason the excited-state population is negli-
gible in the absence of laser irradiation, so that NT is
approximately equal to N1. In Fig. 11b2, Q23 and Q32
represent the mixing-rate coefficients 1s212 between
levels 2 and 3.

Two-Level Absorber

The excited-state number density can be related to
the total number density with the rate equation for a
two-level atom2:

dN2

d t
5 NTW12 2 N2311 1

g1
g22W12 1 T214 . 112

In Eq. 112 the stimulated Einstein rate coefficients can
be written as8

W12 5
g2
g1
W21 5

B12

c e
2`

`

In
LY1n2 dn, 122

where In
L is the laser spectral irradiance 1W@cm2 s212,

Y1n2 is the spectral line-shape function 3expressed in
seconds 1s24 for the resonant transition, gi represents
the degeneracy of the ith state, and Tji 5 Qji 1 Aji.
By applying the appropriate spectral and temporal
approximations, we can express W12 in terms of the
average laser power, as shown in Section 4.
A number of situations arise in which the time-

dependent nature of Eq. 112 can be ignored. At steady
state, dN2@d t 5 0, and Eq. 112 yields

1N22ss 5
NTW12

11 1
g1
g22W12 1 T21

. 132

Equation 132 will apply 1a2 for cw laser excitation or 1b2
at the peak of a laser pulse with a temporal width that
is sufficiently large compared with the lifetime of level
2.2 For small laser irradiance, W12 9 T21, whereas
for large laser irradiance,W12 : T21, so that

1N22SS
LIN 5

NTW12

T21

, 13a2

1N22SS
SAT 5

NTg2
g1 1 g2

, 13b2

in the linear and the saturated limits, respectively.
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The time-dependent solution to Eq. 112 is given by4

N2*1t2 5
1N22SS

NT
51 2 exp321W12 1 W21 1 T212t46, 142

where we have assumed that the laser pulse has a
temporal top-hat profile and defined the dimension-
less population density of the ith level asNi*5Ni@NT.

B. Three-Level Absorber

Models for sodium and other alkalis require an addi-
tional level because of spectroscopic doublets. For
the three-level absorber, level 1 is again the ground
level, and levels 2 and 3 are reserved for the doublet
levels. The first-order exponential of Eq. 142 no longer
applies because two first-order rate equationsmust be
solved simultaneously. Because of the presence of
the additional level, we introduce the rate coefficients
W13,W31, and T31, along with the doublet mixing-rate
coefficientsQ23 andQ32.
The transient solution of the three-level rate equa-

tions has been extensively reported.4 The results
are summarized here so that the appropriate expres-
sions can be used in the pump–probe model. Be-
cause obtaining the solution in terms of the original
rate coefficients would be cumbersome, we consider
the direct application of the rate equations to atomic
sodium.3,6 Let 1, 2, and 3 denote the 3S1@2, 3P1@2, and
3P3@2 states, respectively. Because only 0.6 nm sepa-
rates the D1 and D2 transitions, we may assume7 that
Q21 5 Q31 5 Q. In addition, for sodium A21 5 A31 5
A. By relating levels 2 and 3 through the principle of
detailed balancing, we can show that Q23 5 2Q32 at
flame temperatures.7 The dimensionless number
densities of the excited doublet after laser irradiation
are then9,10

N2*1t2 5 1@351N3,0* 1 N2,0*2exp321Q 1 A2t4

2 1N3,0* 2 2N2,0*2exp321Q 1 A 1 3Q322t46,

152

N3*1t2 5 2@351N3,0* 1 N2,0*2exp321Q 1 A2t4

1 11@2N3,0*2 N2,0*2exp321Q 1 A 1 3Q322t46.

162

In Eqs. 152 and 162 N2,0* and N3,0* are the initial
dimensionless excited-state population densities for
1–2 and 1–3 excitation, respectively, which vanish in
the absence of laser irradiation. These expressions
are used in Section 9 to develop a model for general
temporal pump–probe spectroscopy that is applicable
to results such as those obtained when the ASOPS
instrument is used for measurement of atomic so-
dium.3,6

4. Synchronously Mode-Locked Laser Radiation

Before continuing with the present rate-equation
analysis, we must express the stimulated absorption
1110 APPLIED OPTICS @ Vol. 34, No. 6 @ 20 February 1995
rate coefficientW12 in terms of practical experimental
parameters. The evaluation of W12 requires the ap-
plication of both spectral and temporal approxima-
tions concerning the output of a synchronously mode-
locked dye laser.
The spectral bandwidth 1FWHM2 Dn1@2

L 1s212 can be
estimated from the laser-pulse width, which can
easily be measured with second-harmonic autocorre-
lation. The spectral line shape is related to the
autocorrelation pulse shape because the output pulses
are nearly Fourier-transform limited. In this case
Dn1@2

LDt1@2
L is a constant, where Dt1@2

L 1s2 is the
temporal pulse width 1FWHM2. Blanchard and
Wirth11 have shown that the spectral distribution of a
pulse is best modeled with a sech2 function that
results in a time–bandwidth product of 0.32. Choos-
ing this function, we can write the spectral line-shape
function of the laser as10

YL1n25

ln1
1

Œ22 12
Dn1@2

L
sech232 ln1

1

Œ22 12
Dn1@2

L
1n 2 n0

L24 , 172

where n0
L is the central laser frequency 1s212.

The rate equations are usually expressed in terms
of the absorption rate coefficient W12, which is given
by Eq. 122. A typical pulse width for our laser system
is 20 ps,6 for which the time–bandwidth product
yields the value Dn1@2

L 5 1.63 1010 s21. This is much
larger than the sodium linewidth6 of Dn1@2 5 2.7 3 109
s21, so that Dn1@2

L : Dn1@2. In this case, we can
evaluate Eq. 122 with In

L 5 ILYL1n2 by holding the laser
spectral irradiance constant at its centerline value
and removing it from the integral.8 Hence the stimu-
lated rate coefficient and the laser irradiance are
related by10

W12 5

B12 ln1
1

Œ2 2 12
cDn1@2

L
IL 5

g2
g1

c2A21 ln1
1

Œ2 2 12
8phn0

3Dn1@2
L

IL, 182

where IL is the total laser irradiance 3in watts per
square centimeter 1W@cm224 and n0 is the central
transition frequency 1s212.
From an experimental standpoint, the total laser

irradiance is not a practical quantity, because average
laser power PAVE

L 1W2 is usually measured. To sim-
plify the mathematical modeling of the interaction of
laser radiation with an atomic species, each mode-
locked laser pulse can be temporally modeled as a
top-hat profile. In this case10

IL 5
PAVE

L

AcDt1@2
L f L

, 192

where Ac 5 pD2@4 is the cross-sectional area of the
laser beam 1cm22, D is the focal diameter 1cm2 if we
assume the cylindrical beam shown in Fig. 21a2, and
f L is the laser repetition frequency 1,82 MHz for our



lasers62. Combining Eqs. 182 and 192, we can write

W12 5
g2
g1

c2A21 ln1
1

Œ2 2 12PAVE
L

2p2D2hn0
3Dn1@2

LDt1@2
L f L

. 1102

Equation 1102 can also be expressed in terms of the
energy per pulse 1in joules2, Ep

L, by application of the
relation PAVE

L 5 f LEp
L.

5. Short-Pulse-Width Effects on Saturation

The ASOPS experiments for which this model has
been developed require that one have a knowledge of
the extent of the linear range with power. A good
estimate for the onset of saturation is the saturation
parameter, which can be defined as the absorption
rate coefficient for which the linear and the saturated
solutions to the rate equations are equivalent.4,10
For the two-level model at steady state, one can
obtain the saturation parameter by equating Eqs. 13a2
and 13b2,2,4,10

1W122SS
SAT 5

T21g2
g1 1 g2

. 1112

For the sodium parameters given in part 1a2 of Table 1,
the resulting steady-state saturation parameter be-
comes 1W122SSSAT 5 1.4 3 109 s21, which from Eq. 1102
corresponds to an average laser power of only
1PAVE

L2SSSAT 5 34 µW. For the latter calculation, we
have used the laser parameters given in part 1b2 of
Table 1. These parameter values are used for all
relevant calculations throughout this paper, unless
otherwise noted.

Table 1. Parameters Used in Calculations

1a2 Spectroscopic and collisional parameters for the D2 line of
atomic sodiuma

Transition 1–2 3S1@2–3P3@2

n0 5.0934 3 1014 s21

A21 6.15 3 107 s21

Q21 2 3 109 s21

1b2 Laser parameters for a synchronously mode-locked dye laser,
for which the time–bandwidth product is assumed to be 0.32b

Dt1@2
L 20 3 10212 s

Dn1@2
L 1.6 3 1010 s21

1Dn1@22c 2.7 3 109 s21

f L 82 3 106 s21

D 7.6 3 1023 cm
Crossing angle 2.9°

1c 2 Spectroscopic parameters for a particular pump–probe con-
figuration of atomic sodiuma

Transition 1–2 3S1@2–3P1@2 1D1 line, nonresonant2
Transition 1–3 3S1@2–3P3@2 1D2 line, pump2
Transition 3–4 3P3@2–4D5@2 1probe2
n13 5.0934 3 1014 s21

n34 5.2741 3 1014 s21

A31 6.15 3 107 s21

A43 1.23 3 107 s21

aRef. 10.
bRef. 11.
Previous experiments concerning the onset of satu-
ration with mode-locked lasers for atomic sodium in
atmospheric-pressure flames resulted in a much
higher value of the saturation parameter.12 This
discrepancy arises, in part, because true steady-state
conditions are not achieved for the small pulse widths
Dt1@2

L that are characteristic ofmode-locked lasers.13,14
For a two-level model, the appropriate transient
solution is Eq. 142 with t 5 Dt1@2

L.4,13 For W12 9 T21,
we may expand the exponential term by assuming
that Dt1@2

L is small to obtain the linear limit10,14

1N22
LIN 5 NTW12Dt1@2

L. 1122

Thus the increase in excited-state population is di-
rectly proportional to both the incident laser power
and the pulse width. ForW12 : T21, the exponential
term in Eq. 142 vanishes, and instead we obtain
3g2@1g1 1 g224NT. Equating this saturation limit with
Eq. 1122, we show that the saturation parameter for
the two-level, short-pulse-width model becomes4,10

1W122
SAT 5

g2
1g1 1 g22Dt1@2

L
. 1132

Hence the laser power at which saturation becomes
important increaseswith decreasing laser-pulsewidth.
The parameter values from Table 1 are used in Eq.
1132, which predicts 1W122SAT 5 3.3 3 1010 s21. This
represents a factor-of-25 increase in the saturation
parameter over that defined by the two-level, steady-
state model. In previous experiments saturation
was observed at an average laser power of 30–40 mW,
rather than the expected 850 µW.3 The additional
order-of-magnitude delay could result from the small
irradiance that is present in the spatial and the
temporal wings of the laser pulse.4 This effect has
been encountered previously in experiments on laser-
saturated fluorescence with pulsed lasers.15 There
may be additional causes for the discrepancy between
the observed and the predicted saturation param-
eters,4 but a detailed discussion of these causes is
beyond the scope of the present paper. In our experi-
ments the average laser power is always selected to be
less than the laser power that corresponds to the
predicted saturation parameter.6
For the short pulse widths that are characteristic of

mode-locked lasers, further analysis shows that the
rate equations for the three-level model reduce to the
rate equations that correspond to a two-level model
for the transition in resonance.10 This is true for
both the linear and the saturated regimes, although
the linear approximation will hold for comparatively
longer pulse widths.10 This conclusion is similar to
that for which the balanced cross-rate model holds.16

6. Depth of Modulation for Picosecond Pulses

One can analyze the transient absorption induced by
a picosecond laser pulse by considering the differen-
tial control volume as shown in Fig. 21a2. When a
weak pulse passes through the volume, the resulting
excited-state population is given by Eq. 1122. Be-
20 February 1995 @ Vol. 34, No. 6 @ APPLIED OPTICS 1111



cause quenching is negligible on the time scale of a
single pulse, and stimulated emission is negligible for
low laser irradiance, each excited atom that remains
after a mode-locked pulse has traversed the control
volumemust correspond to the loss of one photon from
that pulse. The energy of a photon is given by hn0;
application of an energy balance yields the change in
pulse energy per unit volume,

dEP
L

dV
5 2hn0NTW12Dt1@2

L. 1142

Substituting Eq. 182 for the rate coefficient for stimu-
lated absorption, and applying Eq. 192 with PAVE

L 5
f LEP

L, we obtain

dIL

IL
5 2

g2
g1

ln1
1

Œ2 2 12c2A21NT

8pn0
2Dn1@2

L
dz. 1152

Integration yields aBeer–Lambert attenuation expres-
sion.8 Thus, although the use of picosecond pulses
substantially changes the form of the rate equations,
the absorption expression remains unchanged.
Equation 1152 is extended to the pump–probe configu-
ration in Section 7.
The pump–probe signal can also be derived in

terms of a modulation depth by the use of the absorp-
tance a. The spectral absorptance can be defined
as8,9

an 5
In
L102 2 In

L1L2

In
L102

. 1162

Fig. 2. Geometries used in the calculations: 1a2 Differential
interaction volume for probe absorptance modeling, 1b2 crossed-
beam geometry used for pump–probe absorption modeling.17
1112 APPLIED OPTICS @ Vol. 34, No. 6 @ 20 February 1995
If we substitute the spectral form of the Beer–
Lambert attenuation equation into Eq. 1162, the spec-
tral absorptance becomes8,9

an 5 1 2 exp32 hn0

c
B12Y1n2NTL4. 1172

The total absorptance can be defined as the total
absorbed irradiance divided by the total incident
irradiance, or

a 5

e
2`

`

anIn
L102dn

IL102
. 1182

Because the laser linewidth is considerably larger
than the linewidth of the medium,6 we may assume
that the laser irradiance is constant at its central
value over the spectral profile of the medium. Thus,
using Eqs. 172 and 1172, we obtain9

a 5

ln1
1

Œ2 2 12
Dn1@2

L e
2`

`

51 2 exp32 hn0

c
B12Y1n2NTL46dn,

1192

where Y1n2 is given by the Voigt profile.18,19
For small optical depths NTL, the optically thin

limit can be shown to take the form9,19

aTHIN 5

ln1
1

Œ2 2 12
Dn1@2

L

g2
g1

c2A21NTL

8pn0
2

, 1202

whereas for optically thick conditions, the absorp-
tance becomes9,19

aTHICK 5

ln1
1

Œ2 2 12
Dn1@2

L 3g2g1
c2A211Dn1@22cNTL

4pn0
2 4

1@2
. 1212

Here 1Dn1@22c is the collision-broadened linewidth of
the resonant transition 1s212. These two limits serve
as a convenientmeans of defining the end of the linear
1optically thin2 absorption regime; if we define this
limit in terms of the optical depth for which
aTHIN 5 aTHICK, the critical optical depth becomes

NTL 5
g2
g1

16pn0
21Dn1@22c

c2A21

. 1222

Using appropriate parameter values from Table 1, we
find that the critical optical depth becomes 3.2 3 1011
cm22. This is the upper limit for which pump–probe
measurements can be assumed to be of practical use
and is in excellent agreement with our quantitative
experimental results.6



7. Absorption in the Pump–Probe Configuration

In this section we develop a model that predicts the
modulation of a probe laser from a pump-induced
population distribution. This model will allow us to
make an estimate of the minimum population that
can be detected with picosecond pump–probe absorp-
tion spectroscopy. The model is then modified to
include the ASOPS technique for measuring excited-
state lifetimes.
Using the geometry shown in Fig. 21b2,17 we assume

that the pump and the probe beams are cylinders with
a diameter equal to the focal diameter. The interac-
tion length L corresponds to one side of the parallelo-
gram formed where the beams cross. For the pre-
sent calculations the two-level excitation scheme
shown in Fig. 11a2 is chosen. Identical pulse widths
are assumed for each laser, and both laser repetition
frequencies f L are equal, as was the case for previous
pump–probe studies with synchronously mode-locked
dye lasers.5,20
When a pump pulse passes through the interaction

volume, Eq. 1122 indicates that the excited-state popu-
lation becomes N2

pump 5 NTDt1@2
LW12. From Eq. 182

this can be expressed as

N2
pump 5

g2
g1

ln1
1

Œ2 2 12c2A21Dt1@2
LNTIpump

8phn12
3Dn1@2

L
. 1232

When we substitute Eqs. 192 and 1232 into Eq. 1202 for
optically thin absorptance between levels 2 and 3, the
probe modulation, in terms of the average pump-laser
power, becomes

aMOD 5
g3
g1 3ln1

1

Œ2 2 124
2 c4A21A32PAVE

pumpNTL

16p3D2hn12
3n23

2 f L1Dn1@2
L22

.

124a2

Now suppose that the pump is tuned to the 3S1@2–
3P3@2 transition of sodium, while the probe is tuned to
the 3P3@2–4D5@2 transition. For this configuration,
appropriate spectroscopic constants have been com-
piled in part 1c2 of Table 1. Because of the convention
of Fig. 11b2, Eq. 124a2must also be modified to take the
form

aMOD 5
g4
g1 3ln1

1

Œ2 2 124
2 c4A31A43PAVE

pumpNTL

16p3D2hn13
3n34

2 f L1Dn1@2
L22

.

124b2

Using additional parameters from part 1b2 of Table 1,
along with 1 mW of pump-laser power 1to preclude
saturation2, we predict a modulation depth of 19.8 3
10214 cm22 NTL. For a 2.9° crossing angle,6 the
effective path length becomes 0.15 cm, for which
amod 5 11.5 3 10214 cm32 NT. For high-frequency
modulation, with both the pump and the probe lasers
operating at the same repetition frequency, and a 1-s
time constant for detection with a lock-in amplifier, a
minimum modulation depth of approximately 1028

can be detected.21 This corresponds to a minimum
detectable population ofNT 5 6.8 3 105 cm23.
A more favorable prediction results if both beams

are tuned to coincide with the D2 line. In this case
amod will have contributions from two sources, which
we can conveniently derive by again applying conser-
vation of energy. One contribution is gain from
3P3@2–3S1@2 stimulated emission. This gain in en-
ergy per unit volume is given by hn12N2

pump

W21
probeDt1@2

L, where N2
pump is given by Eq. 1232. The

other contribution arises from a decrease in ground-
state absorption caused by a pump-induced reduction
in the ground-state population density. This appar-
ent gain in energy per unit volume can be expressed
as hn12N2

pumpW12
probeDt1@2

L. Summing the contribu-
tions to amod, we write

dEp
probe

dV
5 11 1

g1
g22hn12N2

pumpDt1@2
LW12

probe. 1252

Thus the detection limit improves because modula-
tion takes place from two processes. Note that for
each contribution, amod will be negative if the conven-
tion of Eq. 1162 is followed. Kneisler22 included a
discrete variable that could take on a value of 61
depending on whether the modulation resulted from
stimulated emission or from absorption. No such
variable is used here, and the negative sign is dropped
in these calculations, although the gain or loss taking
place should be noted. Solving the differential equa-
tion, and again expressing the result in terms of
average pump power, we obtain an optically thin
modulation depth of9

aMOD5
g2
g1 111

g1
g223ln1

1

Œ22124
2 c4A21

2PAVE
pumpNTL

16p3D2hn12
5f L1Dn1@2

L22
.

1262

Using parameter values from Table 1, along with a
1-mW pump beam crossed at 2.9° with the probe
beam, we find a detection limit ofNT 5 6 3 104 cm23 is
found for a modulation depth of 1028. This value is
similar to the experimentally obtained detection limit
of 6.5 3 104 cm23 reported by Langley et al.5 for the
2S1@2 2 2P1@2,3@2 transition of atomic lithium.
The eventual application of pump–probe spectros-

copy in a practical measurement scheme would be to
detect hydroxyl.3 For the Q1192 line of the A 2o1

1n8 5 02–X2II 1v9 5 02 transition at 2000 K, the in-
verse Boltzmann fraction is 53.5, the detection fre-
quency n0 is 9.7 3 1014 s21, and A21 is 6.36 3 105 s21.17

Using the theory of Section 4, we find that the average
power required to saturate this transition with a
20-ps pulse is 900 mW. Thus the maximum avail-
able UV power for our laser systems can be used.
This value happens to be approximately 1 mW.23
Using a 1-mW pump power in Eq. 1262, we obtain a
probe modulation of amod 5 11.5 3 10218 cm22 NTL.
For an effective interaction path of L 5 0.15 cm and a
modulation depth of 1028, we estimate a detection
20 February 1995 @ Vol. 34, No. 6 @ APPLIED OPTICS 1113



limit of NOH 5 2.3 3 1012 cm23. This limit is of value
to combustion researchers because hydroxyl can be
present in flames at concentrations that are several
orders of magnitude larger.

8. ASOPS Absorption Model

The pump–probe instrument can also be used to
measure excited-state lifetimes by delaying the probe–
pulse train relative to the pump-pulse train.5 In our
experiments we vary the delay automatically by the
use of the ASOPS technique.3,6 In this case addi-
tional theory must be included to account for the
presence of temporal decays.
After excitation by a pump pulse, the excited-state

population is again given by Eq. 1232. In the absence
of a probe pulse this population will decay exponen-
tially following Eq. 112, at a rate governed by

N21t2 5 N2
pump exp321Q 1 A2t4. 1272

If we assume that the pump–probe configuration
follows Fig. 11a2, Eq. 124a2 yields a probe-beammodula-
tion of

aMOD1t2 5
g3
g1 3ln1

1

Œ2 2 124
2 c4A21A32Dt1@2

LIpumpNTL

64p2hn12
3n23

21Dn1@2
L22

3 exp321Q 1 A2t4, 1282

where we have converted to the pump irradiance with
Eq. 192. The overall detection efficiency hd in volts per
cubic centimeter per watt is introduced to account for
the optical and the electronic detection characteristics.
Noting that the photodetector output will be propor-
tional to the amount of absorbed light at the modula-
tion frequency, we canwrite the instantaneousASOPS
signal 1V2 as

S1t2 5 hdIprobeaMOD1t2. 1292

Substituting aMOD162 from Eq. 1282 and converting
irradiance back to average power, we find that the
pump–probe model for a two-level absorber yields

S1t2 5 hd

g3
g1 3ln1

1

Œ2 2 124
2

3
c2A21A32PAVE

pumpPAVE
probeNTL

4p4D4hn12
3n23

2 f pumpf probeDt1@2
L1Dn1@2

L22

3 exp321Q 1 A2t4. 1302

The linear dependence of the ASOPS signal on the
pump-beam and the probe-beam power has been
1114 APPLIED OPTICS @ Vol. 34, No. 6 @ 20 February 1995
experimentally verified for atomic sodium excitation
in an atmospheric-pressure hydrocarbon flame.3 A
curve fit to Eq. 1302 will yield Q, which can be used to
correct for the effects of quenching, allowing us to
obtain quantitative results.

9. Dual-Beam ASOPS

The simplicity of the quenching-correction scheme is
lost when a multilevel atom or molecule is detected.3
A prime example is atomic sodium, for which level 2
must be split into two individual components to
account for the presence of the 3P doublet. Levels 1,
2, and 3 correspond to the 3S1@2, 3P1@2, and 3P3@2
states, respectively. The pump beam resonantly ex-
cites either the 3S1@2–3P1@2 transition or the 3S1@2–
3P3@2 transition. The probe beam is, in this example,
permitted to connect either the 3P1@2 or the 3P3@2 level
to a level of higher energy, such as the 5S1@2 or the
4D3@2,5@2 levels. The unfortunate consequence of the
3P doublet is the introduction of a second unknown
collisional parameter, the doublet mixing-rate coeffi-
cient.
As an example consider the case in which both

beams are tuned to the D2 transition. The ASOPS
signal is then the sum of two contributions. The first
contribution is due to stimulated emission by the
probe, which is given by hn13N31t2Dt1@2

LW31
probe. The

second contribution, resulting from apparent gain, is
given by hn13N31t2Dt1@2

LW13
probe. Summing the two

terms gives us the expression

dEp
probe

dV
5 hn13N31t2Dt1@2

L1W13
probe 1 W31

probe2. 1312

Substituting what for N31t2 from Eq. 162, we find that
the overall energy balance becomes

dEp
probe

dV
5
2

3 11 1
g1
g32hn13Dt1@2

LW13
probeN3

pump

3 5exp321Q 1 A2t4

1
1

2
exp321Q 1 A 1 3Q322t46 . 1322

Substituting W13
probe from Eqs. 182 and 192, we can

convert the energy balance to an expression in terms
of average laser power. When we integrate and
convert Eq. 1322 to a modulation depth, the corre-
sponding temporal ASOPS signal then becomes9,20
S1t2 5
2

3
hd

g3
g1 11 1

g3
g12

c4A31
2PAVE

pumpPAVE
probeNTL5exp321Q 1 A2t4 1 1⁄2 exp321Q 1 A 1 3Q322t46

3ln1
1

Œ2 2 124
22

4p4D4hn13
5f pumpf probeDt1@2

L1Dn1@2
L22

. 1332



Equation 1332 contains three unknowns 1NT , Q, and
Q322. Fiechtner et al.3 fitted their ASOPS decay by
assuming a value from the literature for the ratio
Q@Q32. The value of this ratio will not always be
known. Clearly a better method is needed for life-
time measurements.
Consider the case in which the pump is tuned to the

D1 line, while the probe is tuned to theD2 line. When
the respective contributions from stimulated emis-
sion and apparent gain are summed, an energy
balance yields

dEp
probe

dV
5 hn13Dt1@2

L3N31t2W31
probe 1 N21t2W13

probe4.

1342

Following the above procedures, we can show that the
correspondingASOPS signal takes the form9,20
where g1 5 g2 5 2 and g3 5 4 have been applied.
Equation 1352 contains the same two unknown colli-
sional parameters. However, for this particular
pump–probe configuration, both beams are modu-
lated.6 Because the D1 beam excites a different
transition, the corresponding decay will be governed
by an equation that differs fromEq. 1352. By simulta-
neously detecting both beams, we can determine both
Q and Q32 with a single measurement. In this case
both beams serve as the pump and the probe. This
method, which we call the dual-beamASOPSmethod,
has been experimentally demonstrated by our re-
search group.6
We can derive the signal on the D1 beam by again

summing the contributions from stimulated emission
and apparent gain to obtain

dEp
probe

dV
5 hn12Dt1@2

L 3N21t2W21
probe 1 N31t2W12

probe4 .

1362

The correspondingASOPS signal becomes9

S1t2 5 hd 3ln1
1

Œ2 2 124
2

3
c4A21A31PAVE

pumpPAVE
probeNTL

4p4D4hn12
2n13

3f pumpf probeDt1@2
L1Dn1@2

L22

3 exp321Q 1 A2t4 . 1372

The simple exponential decay results from the equal
degeneracies of the levels that are connected by the
probe. Because Eq. 1372 predicts an exponential
decay in terms of onlyQ, the corresponding excitation
scheme is used frequently in our experiments.6 This
fortunate result may not be possible when one is
detecting species other than sodium with dual-beam
ASOPS. Nevertheless both Q and Q32 can still be
obtained from a single measurement, in contrast to
previousASOPS studies.3

10. Coherent Transient Interferences

Quenching-independent concentrationmeasurements
are possible when Dt1@2

L 9 Q21
21. However, this

methodology can also lead to the presence of coherent
transients. When coherent transients are impor-
tant, theory must be developed with the density
matrix equations. Nevertheless the use of rate equa-
tions is justified if the coherence time of the laser is
short compared with the pumping time.24 The coher-
ence time is the reciprocal of the bandwidth,25 and the
pumping time is the reciprocal of the absorption
probability.24 Thus the present pump–probe model
should hold ifW12 9 Dn1@2

L.
For our bandwidth of 1.6 3 1010 s21 and the

parameter values given in part 1c2 of Table 1, we
estimate that an average laser power of less than 420
µW is required for avoidance of coherent transients.
This could explain the negative artifact that we
observed in previous ASOPS experiments, in which
the laser power was greater than 10 mW.12 In this
case the artifact was probably caused by perturbed
free induction decay.20 For cases in which the above
inequality is only moderately violated, coherent tran-
sient effects may not be important. The spatial
profile of the laser requires that the interaction
between the laser and the atoms be averaged over
different irradiances.24 Moreover we estimate the
value applied for Dn1@2

L by assuming that the laser
pulses are transform limited. Our laser pulses are
not perfectly transform limited, and thus the band-
width of 1.6 3 1010 s21 represents a minimum value.
In our present experiments6 we use a 700-µW average
power and find that we can obtain ASOPS signals for
which the magnitude of coherent effects is negligible.

11. Conclusions

A model has been developed to predict practical
operating limits when one is using synchronously
mode-locked dye lasers for picosecond pump–probe
absorption spectroscopy. The model agrees closely
with several experimental observations. The predic-
tion of the optically thick limit is nearly the same as
our experimentally observed value.6 The minimum
detectability corresponding to the shot-noise limit is
estimated, and the resulting prediction corresponds
S1t2 5
2

3
hd

c4A31A21PAVE
pumpPAVE

probeNTL52 exp321Q 1 A2t4 1 exp321Q 1 A 1 3Q322t46

3ln1
1

Œ2 2 124
22

4p4D4hn12
3n13

2f pumpf probeDt1@2
L1Dn1@2

L22
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well with the experimentally observed detection limit
of Jones and coworkers.5 The pump–probe model
has also been modified to include the problem of
measuring excited-state lifetimes. For a three-level
absorber such as atomic sodium, a new technique that
permits measurement of the excited state lifetime in a
single measurement is proposed. This is in contrast
to our previous experiments with atomic sodium with
the ASOPS method,3 in which a single measurement
would not directly yield an estimate for Q . We call
the new technique dual-beamASOPS. We report the
successful demonstration of dual-beam ASOPS in a
companion paper.6
Based on the agreement of the model with experi-

ments, we have chosen to apply it in calculations
concerning future measurements of minor flame spe-
cies. In particular, for a 1-s integration time, we
predict a detection limit for hydroxyl of 2.3 3 1012
cm23. Unfortunately the detection of hydroxyl is
complicated by the low average power that our laser
systems produce in the UV. Some improvements are
suggested in the companion paper.6
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